that the symbiont belongs to the γ-subdivision of the class Proteobacteria and is allied to 23 Sodalis glossinidius, the secondary symbiont of the tsetse flies Glossina spp., and also to the 24 primary symbiont of the grain weevils Sitophilus spp. Relative rate tests revealed that the 25 symbiont of C. columbae exhibits accelerated molecular evolution in comparison with the 26 tsetse symbiont and the weevil symbiont. Whole mount in situ hybridization was used to 27 localize the symbiont and determine infection dynamics during host development. In 1st and 28 2nd instar nymphs, the symbionts were localized in the cytoplasm of oval bacteriocytes that 29 formed small aggregates on the both sides of the body cavity. In 3rd instar nymphs, the 30 bacteriocytes migrated to the central body and were finally located in the anterior region of 31 the lateral oviducts, forming conspicuous tissue formations called ovarial ampullae. In adult 32 females, the symbionts were transmitted from the ovarial ampullae to developing oocytes in 33 the ovarioles. In adult males, the bacteriocytes often disappeared without migration. 34
Diagnostic PCR survey of insects collected from Japan, USA, Australia and Argentina 35 detected 96.5% (109/113) infection, with a few uninfected male insects. This study provides 36 the first microbial characterization of a bacteriocyte-associated symbiont from a chewing 37 louse. Possible biological roles of the symbiont are discussed in relation to the host nutritional 38 physiology associated with the feather-feeding lifestyle. 39
A C C E P T E D INTRODUCTION 40
Symbiotic associations with microorganisms are ubiquitous among a diverse array of 41 insects. Some obligate symbionts are mutualistic in nature and contribute to the fitness of 42 their hosts, while others are facultative and may have negative impacts upon host fitness (4, 5, 43 8). In many of these intimate associations, the symbionts are housed in specialized cells 44 known as bacteriocytes or mycetocytes. Regardless of their obligate or facultative nature, 45 most of these symbiotic microorganisms are vertically transmitted at early stages of oogenesis 46 or embryogenesis, wherein the transmission process is integrated into the life cycle of the host 47 insects (6, 14, 42) . 48
A number of insects live solely on diets that are nutritionally incomplete or difficult to 49 utilize, such as woody materials (hard to digest, low nitrogen), plant sap (few proteins and 50 lipids), vertebrate blood (deficient in B vitamins), and others. In many of these cases, 51 symbiotic microorganisms have been shown to play crucial roles in compensating for these 52 nutritional deficiencies. In termites, for example, gut protozoans and bacteria enable the host 53 to digest cellulose. In addition, some of these bacterial symbionts are involved in nitrogen 54 fixation for the termite host (7, 30) . In aphids, the endocellular bacterial symbiont Buchnera 55 aphidicola efficiently synthesizes essential amino acids that are lacking in plant phloem sap 56 scale, beak and horn, and resistant to solubilization, proteolysis and digestion (18, 27) . 63
Although protein-rich and potentially nutritious, these hard tissues are difficult to utilize for 64 most animals, with only a few insect groups such as chewing lice (Phthiraptera: Ischnocera, 65 Amblycera), carpet beetles (Coleoptera: Dermestidae), keratin beetles (Coleoptera: Trogidae) 66 and clothes moths (Lepidoptera: Tineidae) having evolved the ability to live on this difficult 67 diet (21, 43). Possibly relevant to the nutritional difficulty, some chewing lice possess a 68 well-developed endosymbiotic association, wherein bacteriocyte-associated symbiotic 69 bacteria migrate to the ovary in a peculiar passage and are vertically transmitted to the 70 oocytes in the maternal body (8, 34). Although these bacteria were visualized in early 71 histological studies, no formal identification has yet been provided by molecular phylogenetic 72 analyses. Previous studies have however demonstrated the presence of facultative 73 endosymbiotic bacteria of the genus Wolbachia in many chewing and sucking lice (25) and a 74 diverse assemblage of putative gut bacteria in the chewing lice of pocket gophers (33). 75
In this study, we present the first microbiological characterization of the 76 bacteriocyte-associated symbiotic bacterium in the slender pigeon louse Columbicola 77 columbae using molecular phylogenetic analyses and histological techniques. Although 78 chewing lice are phylogenetically close to sucking lice (3, 22), the symbiont of C. columbae 79 was not related to the symbionts of primate lice Riesia spp. (2, 37), but, unexpectedly, was 80 allied to the symbionts of tsetse flies and grain weevils. 81
82

MATERIALS AND METHODS 83
Insect materials. Samples of the slender pigeon louse, C. columbae, used in this study are 84 listed in Table 1 . The insects were collected from the rock pigeon, Columba livia, and 85
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immediately preserved in acetone (15). 86
DNA extraction and morphological inspection. Each of the acetone-preserved insects 87
was briefly dried in air, cut into two parts using a razor, and digested in 200 µl of lysis buffer 88 (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 0.5% SDS, 0.8 mg/ml proteinase K) at 55 o C 89 overnight. The exoskeleton of the insect was recovered, mounted on a microscope slide, and 90 observed under a light microscope for morphological identification. The lysate was extracted 91 with phenol-chloroform, subjected to ethanol precipitation, and the precipitated DNA was 92 dried and dissolved in 50 µl of TE buffer (20 mM Tris-HCl [pH 8.0], 0.1 mM EDTA). 93 DNA cloning and sequencing. The DNA samples from individual insects were subjected 94 to PCR amplification of a 1.5 kb segment of the eubacterial 16S rRNA gene using the primers 95 16SA1 (5'-AGA GTT TGA TCM TGG CTC AG-3') and 16SB1 (5'-TAC GGY TAC CTT 96
GTT ACG ACT T-3') (17), and a 0.76 kb segment of fusA gene using the primers FusAF 97 (5'-CAT CGG CAT CAT GGC NCA YAT HGA-3') and FusAR (5'-CAG CAT CGG CTG 98 CAY NCC YTT RTT-3') (11) . The PCR products were subjected to cloning, restriction 99 fragment length polymorphism (RFLP) genotyping, and DNA sequencing as previously 100 described (17). 101
Molecular phylogenetic analysis. The DNA sequences were subjected to molecular 102 phylogenetic analysis together with the sequences of related γ-proteobacteria that exhibited 103 high BLAST scores in the DNA database search. A multiple alignment of the sequences was 104 generated using the program Clustal W (40). Aligned nucleotide sites containing a gap were 105 removed from the data set, and the final alignment was inspected and corrected manually. 106
Neighbor joining (NJ) trees, with 1,000 bootstrap resamplings, were constructed using Clustal 107
Maximum parsimony (MP) trees, with 1,000 bootstrap resamplings, were generated by the 109 program MEGA 3.1 (24). For finding the MP trees, the Close-Neighbor-Interchange 110 algorithm was used. An initial tree was generated by random addition of the sequences. 111
Maximum likelihood (ML) trees were constructed by the program TREE-PUZZLE 5.2 (38), 112
wherein supporting values for internal nodes were inferred by 1,000 puzzling steps. As a 113 nucleotide substitution model, the HKY+Γ+Inv model was used. We tested several different 114 substitution models and confirmed that the differences of the substitution models did not lead 115 to any discrepancies in the tree topologies supported with high bootstrap values. under accession numbers AB303382-AB303387 and EU021695-EU021697 (also see Table 1 , 141 1,478 bp in size and exhibiting 99.9-100% sequence identities to each other, were identified. 147
For each of the samples, more than ten clones of the 16S rRNA gene segment showed 148 identical RFLP patterns, indicating a single bacterial species dominant in the insects. A 149 BLAST search clearly showed that the sequence belongs to the Enterobacteriaceae in the 150 γ-Proteobacteria. In the DNA databases, we found several high score hits including the 151 secondary symbiotic bacteria Sodalis glossinidius from the tsetse flies Glossina spp. (ex.
Phylogenetic placement of the symbiont of C. columbae based on 16S rRNA gene 155
sequences. These 16S rRNA gene sequences were subjected to molecular phylogenetic 156 analysis together with the sequences of related γ-proteobacteria that exhibited high BLAST 157 scores in the DNA database search (Fig. 1 ). The bacterial sequences from different C. 158 columbae populations formed a monophyletic group with nearly 100% statistical support, 159 constituting a distinct lineage in the γ-subclass of the Proteobacteria. The sequences also 160 formed a monophyletic group together with the sequences of the tsetse symbionts and the 161 weevil symbionts, which also garnered close to 100% statistical support. 162
Phylogenetic placement of the symbiont of C. columbae based on a protein-coding 163
gene. From DNA samples from insects collected in Australia and USA, we cloned and 164 sequenced a 760 bp segment of fusA gene encoding elongation factor G, a bacterial ribosomal 165 translocase (11) . Molecular phylogenetic analysis also showed that the fusA sequences from C. symbionts. Thus, we performed relative rate tests based on genetic distances between the gene 172 sequences. The evolutionary rate of the 16S rRNA gene sequence in the lineage of the 173 symbionts of C. columbae was 3.1 times and 2.7 times faster than those in the lineages of the 174 tsetse symbionts and the weevil symbionts, respectively. In both cases, the differences were the lineages of the tsetse symbionts and the weevil symbionts, respectively (Table 2B) rRNA gene sequences derived from the symbiont of C. columbae were determined to be 181 45.6-45.7% AT, which were not significantly different from the 16S rRNA sequences of the 182 tsetse symbionts, the weevil symbionts, and other free-living γ-proteobacteria ( Fig. 1) . 
Localization of the symbiont in lateral aggregates of bacteriocytes in 1st-2nd instar 195
nymphs. In 1st and 2nd instar nymphs, oval bacteriocytes were 10-15 µm in longer diameter, 196 5-7 µm in shorter diameter, and their cytoplasm was observed to be packed with symbiotic 197 bacteria ( Fig. 4A and B) . These bacteriocytes were found in groups, usually on the both sides 198 of the 3rd and 4th abdominal segments ( Fig. 3A-C) . The clustered bacteriocytes were 199 arranged linearly just beneath the hypodermis of the abdominal segments ( Fig. 4C and D) . (Table 1) .
Over 70 years ago, early investigators reported that some chewing lice harbor 224 bacteriocyte-associated endosymbiotic bacteria (8, 34). Since then, however, the nature of the 225 symbiosis has been elusive. To our knowledge, this study provides the first microbiological 226 characterization of a bacteriocyte-associated symbiont from a chewing louse. 227
Morphologically, chewing lice, consisting mainly of bird lice such as C. columbae, are 228 thought to be related to sucking lice, consisting exclusively of mammalian lice such as human 229
lice Pediculus humanus and P. capitis (46). Recent molecular phylogenetic analyses 230 confirmed that the clade of sucking lice is actually nested in a clade of chewing lice (3, 22) . 231
However, we found that the endosymbiont of C. columbae was not closely related to the 232 bacterial endosymbiont found in the human lice Riesia spp. (Fig. 1 ). Hence, their symbiotic 233 bacteria are likely of independent evolutionary origins, reflected by the symbiotic organs of 234 different types, namely the highly specialized organ, called the stomach disc, in human lice 235 4A-D), the migrating bacteriocytes in the central body region (Fig. 4F and G) and the 259 bacteriocytes located inside the lateral oviducts ( Fig. 4I ) look very similar cytologically. In 260 the migration process, neither disintegrating bacteriocytes nor extracellular symbiont cells are 261 observed, and thus it seems that the whole bacteriocytes somehow pass through the wall of 262 the oviducts and gain entry into the ovarial cavity (34). The mechanism of the whole cell 263 penetration into the ovary is intriguing, and should be pursued by more detailed histological 264 examinations in the future. 265
Molecular phylogenetic analyses revealed that the symbiont of C. columbae is closely 266 related to the secondary symbiont of the tsetse flies, S. glossinidius, and also to primary 267 symbiont of the grain weevils ( Figs. 1 and 2) . The phylogenetic proximity of the symbionts is 268 somewhat puzzling, since chewing lice, tsetse flies and grain weevils represent different 269 of the weevil genus (26). Interestingly the AT-contents of 16S rRNA gene sequences were not 294 different among the related louse, tsetse and weevil symbionts (Fig. 1) . The genome size of 295 the tsetse symbiont S. glossinidius is known to be 4,171,146 bp (41), whereas the genome size 296 of the weevil symbiont is estimated to be around 3.0 Mb (9). It will therefore be of interest to 297 determine the genome size of the symbiont of C. columbae. 298 Figs. 3 and 4) , it seems likely that the 308 symbiont does play some important biological roles for the host insect. In the grain weevils 309 Sitophilus spp., the primary symbiont contributes to growth and fecundity of the host insects 310 biased (18, 27) , 319 and the symbiont might compensate for this bias. Feather might also be devoid of vitamins 320 and other trace nutrients, which could be supplied by the symbiont. We are currently carrying 321 out physiological studies using symbiotic and aposymbiotic insects, and genomic studies of 322 the symbiont to provide insights into these biological aspects of the endosymbiosis in the 323 chewing louse. 324
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Of 113 individuals examined in this study, only 4 insects were diagnosed as negative of 325 the symbiont (Table 1 ). The diagnostic PCR results of sexed individuals (Table 1 ) and the 326 FISH results of adult males (Fig. 3) suggest that these symbiont-free insects are probably 327 males. Male-specific absence of symbiont infection has been reported from aphids, coccids 328 and other insects (8, 16), which might be relevant to the fact that males do not contribute to 329 vertical transmission of the symbiont to the next generation. It should be noted, however, that 330 the samples of C. columbae are field-collected and thus may contain old insects and unhealthy 331 insects, from which the symbiont infection could be accidentally lost irrespective of their sex. 332
Exceptionally among insect endosymbionts, the tsetse symbiont S. glossinidius is 333 culturable in cell-free media (10), making the bacterium a unique model for studies of 334 insect-microbe symbiosis (31). For example, it was experimentally demonstrated that, like 335 many pathogenic bacteria, the symbiont recruits the type III secretion system for invasion to 336 the host cells (11) . In addition, the ability to maintain S. glossinidius in pure culture greatly 337 2 For example, 90% (9/10) means 90% infection, with 9 infected insects per 10 insects examined by diagnostic PCR. 3 Including female adults, male adults and nymphs. Table 2 . Relative-rate tests for comparing the molecular evolutionary rate of 16S rRNA gene and fusA gene between the symbionts of C. columbae, the symbionts of tsetse flies, and the symbionts of grain weevils.
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Gene Lineage1
Lineage2 13 1 Estimated mean distance between lineage 1 and the last common ancestor of lineages 1 and 2.
2 Estimated mean distance between lineage 2 and the last common ancestor of lineages 1 and 2.
3 K1-K2. 4 K1/K2. 5 P-value was generated using the program RRTree (35).
6 Symbionts of C. columbae from Sapporo, Japan (AB303382) and Buenos Aires, Argentina (AB303386).
7 Sodalis glossinidius, symbionts of tsetse flies G. morsitans (AY861701) and G. palpalis (AY861703). 8 Serratia marcescens (AF124042). 9 Symbionts of grain weevils S. oryzae (AF005235) and S. zeamais (AF005235).
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